ReRAM crossbar arrays are known to be susceptible to the presence of the sneak current issue during the readout operations which undermines crossbar scaling. This problem can be solved by the addition of an highly non-linear two-terminal selector device. In this work we present a 5 nm thick TiO2-based selector which exploits a volatile threshold resistive switching, so far unreported for this material. The device shows a current density up to 100 kA/cm 2 , 10 7 current non-linearity and a 4 V voltage margin, the highest reported for TiO2-based selectors and sub 100 pA off current.
INTRODUCTION
Fabrication simplicity, high-density potential along with ease of integration and scalability made Resistive RAM (ReRAM) crossbar arrays one of the most promising technologies for next generation non volatile memories (NVM) and for more exotic applications such neuromorphic computing [1] [2] . Despite that, this technology is yet to find a solution to the unreliability of the readout operations due to the presence of sneak currents through unselected cells, a problem depicted in figure 1 (a). Although it is possible to mitigate the problem with appropriate readout schemes [3] just the addition of an access device, or selector, in series with each ReRAM cell is able to completely suppress the sneak currents in the array. This topology is known as the 1 Selector-1 ReRAM (1S1R) architecture. The selector device must fit the ReRAM characteristics, like a bipolar operativity. A key parameter is the voltage margin, which is defined as the voltage subset in which the current, called Ioff , stays below 10 nA. Other key parameters are Imax (and the related current density Jmax) , which is defined as the maximum current the selector supplies to drive the ReRAM cell in a 1S1R architecture [4] , and the non linearity k, defined as the ratio between Ioff and Imax. It is hence benchmarked by these electrical parameters, along with the additional constrain of a back-end-of-the-line (BEOL) friendly fabrication process. In this work, we report a fully BEOL compatible, crossbar shaped selector device which exploits the volatility of the resistive switching to achieve an high current density of 100 kA/cm 2 , the highest voltage margin reported so far for TiO2-based selectors, which is found to be equal to 4 V and high 10 7 non linearity. Moreover, the off current is 100 pA which allows the selector to increase the dimension of the array limiting the overall power consumption increase. The power is known to be driven by OFF current of unselected cells rather than ON current of the selected one.
EXPERIMENTAL
The device presented in this work was fabricated on 6" silicon wafer with 200 nm thick, thermally grown, silicon dioxide layer. Subsequently the bottom electrode, active layer and top electrode were patterned by conventional optical lithography followed by liftoff process. The bottom and top electrodes comprise 30 nm thick evaporated Ni layers while the active layer is a 5 nm thick RFsputtered TiO2 (sputtering parameters: 10 -4 mTorr pressure, 10 sccm N2 and 4.5 sccm O2 fluxes). All fabrication steps are carried out at room temperature. The fabricated device is crossbar-shaped with an active area of 1x1 µm 2 and a feature size of 4F 2 ( figure 1(b) ). Highresolution XPS analysis was performed to identify the oxidation states of Ti in the TiO2 thin film. Figure 1 (c) displays the survey spectrum resulting from the photoemission of TiO2. The inset portrays the fitted Ti 2p core level with its 2p3/2 and 2p1/2 spin orbit splitting components. The small peak on the right side of 2p1/2 peak (denoted with *) reveals the presence of a very small population of Ti 3+ cations, thus confirming that our thin film is almost stoichiometric. The device was electrically characterized using a Keithley SCS 4200 Semiconductor device analyzer. The voltage bias was always applied to the top electrode while the bottom electrode was kept grounded with voltage sweeps within ±4.5 V interval. 
RESULTS & DISCUSSIONS
The measured current-voltage (I-V) characteristics of our prototype is shown in figure 2 . The pristine device is found to be in 50 GΩ high resistive state (HRS) range. The initial forming sweeping voltage, shown in circles, switches the device at -4.5 V from the initial HRS to 450 Ω low resistive state (LRS). LRS is maintained until the interruption of the voltage bias. The resistance OFF/ON ratio is therefore equal to 10 8 . Any subsequent sweep, regardless the polarity, finds the device again in its HRS without requiring a RESET (figure 2), indicating a volatile operation. After the forming sweep, the transition to the LRS occurs at -2.3 V and 3.2 V. The transition was always sharp (<5mV/dec). The LRS in which the device is found after the volatile switching is the same for both polarities, as can be seen in figure 3 ; the LRS obtained with a positive sweep is shown with triangles whilst the negative with squares. Both of them show a linear behavior (R 2 =0.9999) and are thus compatible with a metallic conduction, as shown in the inset of figure 2 and figure 3. It's worth noticing that forming at positive polarity is not possible, since it always results in hard breakdown of the device. The device maximum current density is 10 5 A/cm 2 . The voltage margin is above 4 V which is an absolute record for Titanium Dioxide selector devices. Moreover, the OFF current is below 100 pA, allowing power consumption limitation during crossbar up scaling. The non linearity k was found to be equal to 10 7 .
FIGURE 3. I-V comparison between LRS and HRS.
The variabilities of threshold voltages for forming, positive and negative switching in different devices were quantified across 25 devices. The forming voltage is found to be equal to -3.9 ± 0.5 V. Switching thresholds after the forming are found to be equal to 2.5 ± 0.4 V and -2.1 ± 0.2 V. A notable finding concerns the threshold switching behavior; it can be observed exclusively with devices that have 1 µm 2 surface area. Devices with larger areas, fabricated within the same wafer have shown a Schottky diode like behavior. 1 µm 2 devices with an active layer of 10 nm have also shown a volatile threshold behavior, yet with an higher OFF current and lower ON current, as can be seen in "circles curve" in figure 4 . Moreover, the yield for the 5 nm thick devices is above 80% while for the 10 nm thick is well below 1%. We argue that the origin of the volatile switching mechanism is related to a thermal induced effect. The pristine state could be partially disrupted by the forming step that induces the formation of a conductive filament, drifting the vacancies of the quasi stoichiometric film. As the current flows, heat is generated and the two effects are dynamically counterbalanced. When the voltage bias is removed, the heat disrupt the filament, returning the oxide to its HRS. Any subsequent sweep at lower voltage could give enough thermal energy for atom/vacancies movement, allowing the formation of a new metallic filament in a thermal-driven effect. This point can explain the similarities in the threshold voltages at both polarities. The difference in threshold behavior between 5 nm and 10 nm thick film devices could be related to a thickness-dependent filament stability mechanism due to the numbers of atoms involved in the filament forming process: yet further analysis are required to corroborate this picture. 
CONCLUSIONS
In this work, a novel selector device based on a Ni/TiO2/Ni stack was demonstrated. The device exhibits a volatile threshold resistive switching, good current density, the highest voltage margin reported for TiO2 selectors so far, sub 100 pA off current, sharp turn on and high non linearity. In addition, the device is crossbar-shaped and fully BEOL compatible. Thus, it has the potential to become a very cost-effective candidate to tackle sneak path currents in ReRAM crossbar arrays. The device behavior could be related to a thermaldriven effect, yet further studies are necessary to corroborate this hypothesis.
